Two rumen protozoa vaccine formulations containing either whole fixed Entodinium or mixed rumen protozoa cells were tested on Merino sheep with the aim of decreasing the number and/or activity of protozoa in the rumen. Negative control (no antigen) and positive control (Tetrahymena corlissi antigens) treatments were also included in the experiment. Blood and saliva were sampled to measure the specific immune response. Protozoal numbers in the rumen were monitored by microscopic counts. Vaccination with protozoal formulations resulted in the presence of specific IgG in plasma and saliva, but saliva titres were low. Titres after secondary vaccination were higher (P,0·05) than after primary vaccination. There was a moderate (r 2 0·556) relationship (P, 0·05) between plasma and saliva titres for the rumen protozoal vaccine formulations. Rumen protozoa were not decreased (P. 0·05) by the vaccination and there was also no difference (P.0·05) between treatments in rumen fluid ammonia-N concentration or wool growth. In vitro studies investigated the binding ability of the antibodies and estimated the amount of antibody required to reduce cell numbers in the rumen. The studies showed that the antibodies did bind to and reduced protozoa numbers, but the amount of antibody generated by vaccination was not enough to produce results in an in vivo system. It is suggested that the vaccine could be improved if specific protozoal antigens are determined and isolated and that improved understanding of the actions of protozoa antibodies in rumen fluid and the relationships between levels of antibodies and numbers of protozoa in the rumen is needed.
The rumen is populated with many types of micro-organisms, which degrade and ferment the feed eaten by the animal. However, from a production point of view, not all the micro-organisms present in the rumen are essential or provide efficient conversion of feed to protein 1 . Many studies have shown that if protozoa are removed from the rumen, a process known as defaunation, wool growth can be increased due to increased microbial protein outflow to the small intestine 1 -3 . However, successful defaunation methods can be laborious and impractical in normal animal husbandry settings and chemical-based methods can be detrimental to animal health 3, 4 . Also, unless defaunated animals remain segregated from faunated animals, or are regularly re-treated with defaunation chemical, the ciliated protozoa are able to re-establish themselves in the rumen. An immunological approach to manipulating rumen microbial populations, specifically rumen ciliates, was investigated by Gnansampanthan 5 . Serum antibodies raised to rumen ciliates were shown to have an immobilizing effect on a mixed rumen ciliate population in vitro, which decreased the ciliates' predatory activity on bacteria 6 . Until now there has been no in vivo examination of the effects that protozoal vaccines have on the numbers of ciliate protozoa in the rumen. The aim of the present experiment was to examine changes in rumen protozoal numbers in Merino sheep that were vaccinated with two protozoal formulations. The hypothesis was that immunization of sheep with a vaccine containing whole fixed Entodinium or mixed rumen protozoal cells as antigens would decrease protozoa numbers in the rumen and that this change in numbers would be indicated by a decrease in rumen ammonia-N concentration and increased wool growth.
The free-living ciliated protozoan, T. corlissi, was used for positive control because it was easily cultured and dense cultures could be grown quickly in large volumes of media. Previous experiments at this laboratory have shown that site reactions and serum immune responses are generated when sheep are vaccinated with T. corlissi. The preparations of T. corlissi contained a single species, as they were pure cultures obtained from the American Type Culture Collection.
Protozoa from the Entodinium genus were used as a treatment as they are the most common and predominant genus in almost all ruminants 1 . The present experiment was approved by the CSIRO Animal Ethics Committee (WA group) and conducted in accordance with the Australian code of practice for the care and use of animals for scientific purposes 7 . Merino wether weaners (1 year old) with a live weight (LW) of 34·1 (SE 0·35) kg were housed in individual pens at the CSIRO animal house facility in Perth in late March 2004 and allowed 6 weeks to acclimatize to their new surroundings and diet. Sheep were then shorn, weighed and allocated to the treatment groups by stratified randomization 8 using LW (34·4 (SD 0·24) kg) and fleece weight (2·30 (SD 0·029) kg). A 4-week pre-treatment covariate period then followed, in which wool growth was measured and sheep were sampled for blood, saliva and rumen fluid to determine pre-vaccination antibody titre levels, plasma urea-N concentrations and numbers of rumen protozoa. The experimental treatment period began with primary vaccination (day 0) and ran for 18 weeks. Secondary vaccination occurred on day 42 and production measurements occurred between days 84 and 126.
Animals were drenched with antihelmintics in accordance with the manufacturers instructions on days 18 (Scanda An outbreak of scabby mouth (contagious ecthyma) occurred around day 5 and gradually worked through 60 % of the sheep for the rest of the experiment. No animal suffered from reduced feed intake because of infection and vaccination treatment had no influence (P, 0·05) on the number of animals contracting the disease or on the length of time symptoms were present on the animal.
Sheep were offered pelletized oaten hay-based rations as a single feed each morning and they had continual access to water. The pellets comprised chopped oaten hay (630 -700 g/kg), cereal grains (140 -200 g/kg), lupins (100 -120 g/kg), Siromin 9 mineral mix (20 g/kg) and a binder ingredient (20-50 g/kg). On a DM basis they contained around 930 g/kg organic matter, 90 g/kg crude protein and 420 g/kg neutral detergent fibre. The ration was intentionally formulated to be excessive in metabolizable energy requirements relative to metabolizable protein requirements 10 so that any increase in protein flowing from the rumen due to the experimental treatments would be used efficiently, increasing the chances of observing changes in animal production parameters, in particular wool growth. The ration was offered at a rate that was 20 % greater than what was calculated to meet estimated metabolizable energy requirements for 60 g LW gain/d and 6 g clean wool growth/d 10 . This worked out to be around 23 g DM/kg LW. The amount of ration offered was adjusted every 6 weeks to accommodate the growth of the animals.
Samples of feed offered were collected twice weekly, dried at 608C and ground through a 1 mm screen for chemical analyses. Concentration of organic matter was determined by ashing in a muffle furnace, total N was determined by combustion in a LECO 2000 N/C analyser (LECO Corporation, St Joseph, MI, USA). Concentration of neutral detergent fibre was determined using the ANKOM method 11 with the following modifications: samples were digested for 60 min instead of 75 min and the acetone rinse step was omitted.
Sources of antigens, preparation of vaccines and immunizations
Tetrahymena corlissi (American Type Culture Collection 50 086) stock solutions (10 ml) were established at room temperature and renewed weekly in a modified proteose-peptoneyeast extract medium 12 -tryptone (pancreatic digest of casein) was used instead of proteose peptone and anhydrate dextrose was added at 0·2 % rather than 0·125 %. A fresh stock solution was used to inoculate 250 ml proteose-peptone-yeast extract medium in a 500 ml Schott bottle and was grown for 2 d at room temperature. The culture was then used to inoculate 2·5 litres proteose-peptone-yeast extract medium in a 5 litre Schott bottle and grown to a concentration of 10 4 cells/ml before being killed with 4 % formalin (v/v). The killed cells were left to settle at room temperature for 3 h, the supernatant was poured off and the remaining slurry (approximately 500 ml) transferred to a 1 litre Schott bottle. An equal volume of PBS was added, mixed and the cells left to settle again. The cells were then washed with PBS three times and the final cell concentrate was counted and stored at 48C.
Rumen protozoa cells were extracted from rumen fluid of two fistulated sheep fed a diet of oaten hay (900 g/kg), lupins (80 g/kg) and Siromin 9 mineral mix (20 g/kg) based on the methods of Williams & Coleman 1 . Around 500 ml rumen contents were collected from each animal at a time by suction via a vacuum pump. Rumen contents collections occurred over many days to obtain enough protozoa for use in the vaccines. Each animal only had rumen contents extracted two to three times per week and not on consecutive days. Once collected, the rumen contents were pooled and quickly taken to the laboratory and strained through a layer of cheesecloth. The retained particulate matter was mixed with approximately 2·5 litres warmed (398C) acetate-phosphate-bicarbonate buffer 13 , to the consistency of the original rumen contents and again strained through cheesecloth. The strained rumen fluid and washing was combined and then transferred to a 5 litre separatory funnel, where it stood at 398C until the flocculent debris rose to the surface (approximately 30 to 60 min). Half to two-thirds of the liquor fraction was siphoned off and the remaining rumen fluid was mixed and allowed to re-separate. The liquor fraction was again siphoned off and formalin was added to the siphoned liquor fraction to a final concentration of 1 % (v/v). The liquor fraction was then allowed to stand at room temperature for 24 h, during which time the protozoa settled to the bottom. The supernatant fluid was carefully poured off, leaving the protozoa sediment.
To separate the different sized rumen protozoa, the protozoa sediment was washed with PBS solution on a descending series of Nitex mesh (300, 250, 100, 80, 45, 30, 20 and 10 mm). The material on each filter mesh was kept separate and fixed in 1 % isotonic formalin. The numbers and types of protozoa present in each fraction were then determined using light microscopy. Entodinium species were mostly in the 10 to 20 mm fraction and this fraction was used as the stock solution for the Entodinium vaccine. Microscopic observation suggested that this fraction only contained small Entodinium and was not contaminated by other protozoa. The mixed protozoa stock solution was created by mixing several of the different fractions in varying proportions, so that the composition of protozoa was 68 % Entodinium spp., 21 % Dasytricha ruminantium, 7 % Isotricha spp. and 4 % Polyplastron multivesiculatum. This composition was similar to the prevalence of these species in the rumen fluid of our fistulated sheep. Stock solutions were stored in PBS containing 1 % formalin prior to use for vaccines.
The maximum cell concentrations we could obtain of the stock solutions for the vaccines were T. corlissi 1 £ 10 6 cells/ml, Entodinium 3 £ 10 7 cells/ml and mixed rumen protozoa 3 £ 10 6 cells/ml. The vaccines were prepared from the protozoa cell stock solutions using previously described methods 14 . Briefly, a sterile solution of Saponin 'Quil A' was added to an equal volume of protozoa cell stock solution. Sterile PBS was added to make the total volume up to 40 % of the final vaccine volume. The 'Quil A' and cells solution was then emulsified into a volume of filter sterilized Montanide Incomplete Seppic Adjuvant, equal to 60 % of the final vaccine volume. Prior to in vivo use, vaccines were tested for mycoplasm contamination and bacterial and fungal contamination as per 9CFR (United States Department of Agriculture Code of Federal Regulations) 113·28 and 9CFR 113·27(d), respectively. Prepared vaccine was stored at 4 o C for less than 2 d before use. The vaccines (2 ml dose) were aliquoted into syringes (3 ml capacity with 18-gauge needles) just prior to vaccination of individual sheep. Immunizations were administered into opposite sides of the neck. Local reactions at the site of vaccination were examined weekly for 6 weeks after vaccination occurred according to Australian Pesticides and Veterinary Medicine Authority requirements.
Blood and saliva collections and analyses
Blood (10 ml) was collected and plasma taken from all sheep before feeding, as previously described Specific anti-Tetrahymena corlissi, anti-Entodinium or antimixed rumen protozoa IgG antibody levels in the sheep plasma (samples collected up to day 83) and saliva were determined by ELISA analysis as described in Wright et al.
14
, with several modifications. After the initial coating of plates with poly-L-lysine and the washes in PBS, plates were incubated overnight with protozoa cells (i.e. Tetrahymena, Entodinium or mixed rumen protozoa) rather than methanogen cells, with the amount of protein added per well the same for each cell type. The equivalent protein concentration for 10 5 cells of each of the protozoa cell antigen groups was determined by the BioRad protein assay based on the Bradford 15 method. The mixed rumen protozoa cells had approximately six times the protein concentration of that of Entodinium or T. corlissi cells (0·29 v. 0·05 and 0·04 mg/ml). Thus, it was decided to use the mixed rumen protozoa cells' protein concentration so the antigen would be present in excess compared with the antibodies. For the mixed rumen protozoa, 10 5 cells was equivalent to 4·3 mg protein and it was resolved that 5 mg total protein would be used per well for all the antigen groups. The protozoa cells were sonicated on ice at a power of 1000 watts for 5 min continuously (Microson XL Ultrasonic cell disruptor; Misonix Inc., New York, USA) prior to being incubated in the plate wells.
After washing plates in a PBS and 0·05 % Tween 20 solution (PBST) and blocking with milk powder, either plasma, saliva or rumen fluid were added and the plates incubated. The starting dilution for the plasma was 1:50, which was then serially diluted from 1:4 to 1:204 800. The starting dilution for the saliva and rumen fluid was 1:4, which was serially diluted to 1:16 384. Plates were then washed in PBST and incubated with alkaline phosphatase-conjugated donkey anti-ovine IgG-IgG diluted in PBST containing MgCl 2 and ZnCl 2 . After further washing in PBST containing MgCl 2 and ZnCl 2 , plates were incubated with a phosphatase substrate and absorbance measured at 405 nm. Antibody titre was determined at the half-maximum absorbance for each sample, done in triplicate on the same microtitre plates rather than on separate plates.
Rumen fluid collection and analyses
Rumen fluid (30 to 60 ml) was collected using a stomach tube and vacuum pump from all sheep, 150 to 190 min after feeding, 7 d prior to primary vaccination and on days 35 and 84 for protozoal cell counts. Rumen fluid (1 ml) was immediately added to 15 ml 1 % formalin and samples stored at room temperature.
Protozoa in rumen fluid were counted by light microscopy with a Sedgewick-Rafter counting chamber of 1 ml volume (Whitlock & Co., Eastwood, NSW, Australia) as previously described 16 . Rumen fluid was also collected from all sheep twice on day 118 (pre-feeding and 150 to 180 min post-feeding) by the afore-mentioned method. Rumen fluid (5 ml) was then acidified (1 ml 0·1 M-HCl), centrifuged (3000 g for 15 min) and the supernatant stored at 2408C. Ruminal fluid ammonia-N concentration was determined on a Technicon Autoanalyser II S.C. colorimeter (Technicon (Ireland) Ltd, Swords Co. Dublin, Republic of Ireland) using Technicon Industrial Method No. 334-74W/B þ .
Wool growth and live weight gain
Wool growth during the pre-treatment covariate period and between days 81 and 123 was determined from mid-side patches 17 . LW was recorded at approximately 3-weekly intervals throughout the experiment.
In vitro investigation of binding of IgG antibodies to protozoa cells
The in vitro investigations utilized various protozoa cells, which were extracted and prepared as described earlier.
Antibodies were sourced from serum and saliva of sheep in the current experiment and also from sheep that had been vaccinated with T. corlissi cells, Entodinium spp. cells or vestibuliferid cells (Dasytricha ruminantium, Isotricha intestinalis and I. prostoma) previously and separately to the animals in the current experiment. Serum from sheep vaccinated with Entodinium spp. cells in this earlier work was freeze dried to increase the antibody concentration.
The indirect fluorescence antibody test 5, 18 was used to detect if the specific anti-protozoa IgG antibodies were binding to protozoa cells and if the binding could be quantified. To detect binding, cells (10 5 in 100 ml PBS) were mixed with 200 ml serum or saliva (1:10, 1:20 and 1:100 dilution) in PBS in 2 ml eppendorf tubes and incubated at 398C for 1 h at 100 rpm. The tubes were spun (1010 g for 2 min) and the supernatant removed. The pellet was washed three times in 0·5 ml PBS, spun (1010 g for 2 min) and centrifuged. The pellet was then re-suspended in 100 ml fluorescein isothiocyanate conjugated donkey anti-sheep IgG (diluted 1:40 in PBS) (Sigma F7634; Sigma-Aldrich, St Louis, MO, USA). The tubes were incubated, spun and washed as detailed earlier and the pellet re-suspended in 100 ml PBS. The final preparations (each treatment in triplicate) were examined microscopically and photographed using an Aristoplan microscope (Leitz Wetzlar, Germany) under epi-fluorescence with a K3 filter block (excitation and emission wavelength of 470-495 and 515 nm, respectively) with computer imaging. The relative fluorescence intensity (relative fluorescence units; RFU) was measured (100 ml) on a Polar Star optima plate reader (BMG Labtechnologies, Germany) using filter 3 (excitation and emission wavelength of 485 and 520 nm, respectively).
To quantify the binding, the volume and concentration of specific IgG anti-protozoa antibodies needed to bind 1500 cells of T. corlissi, Entodinium spp. or mixed rumen protozoa was determined. Each well of microtitre plates was coated with 1500 whole cells of either T. corlissi, Entodinium spp. or mixed rumen protozoa. Pre-and post-vaccination serum was diluted and added to the wells (60 ml) of the microtitre plates to correspond to the cells they had been raised against (e.g. anti-T. corlissi serum was added to wells that had been coated with T. corlissi cells). Each dilution was done in triplicate or quadruplicate. Fluorescein isothiocyanate (75 ml) was added and plate washes were performed three times in PBST. RFU were measured on the plate reader.
To determine if the antibody-antigen complexes caused the death of protozoa cells, serum and/or saliva containing specific antibodies was incubated with rumen fluid. Four experiments were carried out, each involving the same three treatments: (1) 5 ml rumen contents and 0·5 ml PBS; (2) 5 ml rumen contents and 0·5 ml pre-vaccination serum; (3) 5 ml rumen contents and 0·5 ml post vaccination serum. However, the type of anti-protozoa IgG antibody (anti-T. corlissi, anti-Entodinium spp, anti-mixed rumen protozoa or anti-vestibuliferida) in the serum differed in each experiment. The number of replicates of each treatment also varied between experiments.
For Expt 1, serums containing anti-T. corlissi IgG antibody were pooled from five sheep and had pre-and post-vaccination titres of 0 U and 188 987 U, respectively. There were eight replicates of each treatment.
For all experiments, rumen contents were collected 3 h after feeding from the two fistulated wethers described earlier. Contents (250 ml per animal) were collected by suction via a vacuum pump through a brass filter (30 mm £ 1·5 -2·0 mm pore size) directly into a 500 ml thermos flask. When the flask was filled, the contents were immediately put under 100 % CO 2 . Contents were then strained through four layers of cheesecloth into a 500 ml Schott bottle. The strained rumen fluid was then transferred to a shaking water bath at 398C. In 100 % CO 2 , the rumen fluid was transferred in 5 ml aliquots to 18 £ 150 mm anaerobic culture tubes, capped with butyl rubber stoppers, sealed with aluminium caps and crimped. The tubes were kept at 398C in the water bath for ,1 h until treatments (0·5 ml) were added via 1 ml sterile syringes that had been flushed with 100 % CO 2 . The treatments (i.e. PBS and serums) were also transferred to 50 ml serum bottles, flushed with 100 % CO 2 and kept at 398C prior to addition to the tubes.
Once the treatments were added to the rumen fluid, the tubes were gently inverted to mix and the tubes incubated for 4 h. Samples (0·1 ml) were taken at 0 h, immediately after treatment addition and at 4 h and protozoal cell numbers were determined by microscopy. Expt 4 was undertaken for 8 h instead of 4 h and anti-vestibuliferida IgG antibody titre levels were also monitored throughout this experiment using ELISA analysis.
Statistical analyses
Data measured over time (plasma titres, rumen protozoa numbers and site reaction volumes) were analysed by repeated measures restricted maximum likelihood (REML) using a uniform correlation model. Vaccine treatment and time were fitted in the model as fixed effects and times for each animal were fitted as random effects. For plasma titres, data were log-transformed before analysis and each protozoa vaccine formulation was tested separately against the negative control using the same model. Protozoa cell count data were log-transformed and site reaction volume data were square root-transformed before analyses. Simple linear regression analysis was used on log-transformed titre values, across the three vaccine formulations, to determine the relationship between saliva IgG titres and plasma IgG titres.
The effects of vaccine formulation on feed intake, rumen parameters, LW gain and wool production were analysed according to a completely randomized design by one-way ANOVA (Genstat 8; Lawes Agricultural Trust, Rothamstead, UK). When a significant F-value was detected, means were compared by the least significant difference test. Treatment means for wool growth were covariance adjusted.
In in vitro Expt 1, 2 and 3, the effects of treatments on cell counts were analysed according to a split plot design using ANOVA. Statistical analysis was not done for Expt 4 as the treatments were only done in duplicate.
Results

Titres
Titres of IgG, specific for the antigens that were in the various vaccine formulations, were detected in plasma and saliva of the sheep receiving the respective vaccines (Fig. 1) . Titres in plasma were 300-to 1500-fold greater than those recorded in saliva, depending on the vaccine formulation. Secondary vaccination increased (P, 0·05) specific titres 5-fold in sheep receiving positive control and 3-fold in sheep receiving Entodinium or mixed rumen protozoa. Specific titres in sheep receiving positive control were much higher than titres in sheep receiving vaccines formulated from rumen protozoa. Specific IgG titres were not detectable in sheep receiving the negative control vaccine.
There was a positive linear relationship (P, 0·001) between plasma specific IgG titres and saliva specific IgG titres in sheep 6 weeks after secondary vaccination. The equation was:
Log ðsaliva IgG titre þ 1Þ ¼ 1·438 * Log ðPlasma IgG titre þ 1Þ
24·979 ð100R
2 55·6; residual:s:d: 0·537; CV 0·38; n 60Þ:
Rumen protozoal numbers
There was large variation between sheep in the numbers of protozoa in the rumen (Fig. 2) . There was no effect (P¼0·741) of vaccination on rumen total protozoal numbers 6 weeks after primary or secondary vaccinations. Total protozoal numbers in the rumen were higher (P, 0·001) 6 weeks after secondary vaccination than prior to vaccination or 6 weeks after primary vaccination.
Blood and rumen metabolites
There was no effect (P. 0·05) of vaccination on the rumen fluid pH or ammonia-N concentrations, which averaged 7·03 and 46·8 mg/l before feeding and 5·53 and 72·3 mg/l after feeding. Concentration of urea-N in the plasma of sheep 12 weeks post-secondary vaccination with positive control (172 mg/l) was higher (P¼0·049) than in sheep vaccinated with negative control (148 mg/l) or Entodinium (153 mg/l). Sheep vaccinated with mixed rumen protozoa had an intermediate concentration (160 mg/l).
Feed intake and animal production
Vaccination had no effect (P.0·05) on daily feed intake, which increased from 831 to 953 g over the experimental period. LW gain averaged 74 g/d over the experiment and was not affected (P.0·05) by vaccination. Clean wool growth of the sheep during the production measurement period averaged 89 mg/ 100 cm 2 per d and was also not affected (P.0·05) by vaccination.
In vitro binding experiments
Specific IgG anti-protozoa antibodies, generated by vaccination of sheep, bound to the rumen protozoa cells they were raised against when incubated in vitro with those cells (Fig. 3) . There was no cross-reactivity between the anti-T. corlissi IgG antibodies and vestibuliferid cells or the anti-vestibuliferid antibodies and T. corlissi cells (Fig. 4) . Cross reactivity between anti-T. corlissi IgG antibodies and Entodinium spp. cells or the anti-Entodinium IgG antibodies and T. corlissi cells was unable to be determined, despite repeated efforts. When quantifying the binding of antibodies to cells, there was a significant difference (P,0·001) in the RFU between pre-and post-vaccination serums at all dilutions tested on T. corlissi cells. There was no significant difference in the RFU between pre-and post vaccination serums when they were used at 1:3 dilution on mixed rumen protozoa cells or at 1:2 dilution on Entodinium spp. cells (Fig. 5 ), but at greater dilutions there was a difference (P,0·001) in RFU between the pre-and post-vaccination serums used on mixed rumen protozoa and Entodinium spp. cells. The serum dilutions that gave the highest significant measurements of RFU were 1:375 for T. corlissi cells, 1:50 for Entodinium spp. cells and 1:75 for mixed rumen protozoa. At these dilutions, the serums used on each cell type had specific IgG titre levels of 471, 493 and 447 U respectively. Therefore, for all three protozoa groups 60 ml serum with a specific IgG titre of approximately 500 U was optimal for 1500 cells in each well.
The strained rumen fluid obtained from the fistulated sheep for the in vitro incubation studies only contained Entodinium spp. and vestibuliferid cells. The Entodinium spp. cells comprised 89·8 -94·0 % of the total protozoa number and the cells from the order vestibuliferida ranged from 6·0 -10·2 %.
In Expt 1, addition of post-vaccination serum containing T. corlissi antibodies to rumen fluid resulted in a reduction in total protozoa cells (P¼0·032) present compared with the addition of PBS, but not compared with when pre-vaccination serum was added (Table 1) . Treatment did not affect (P¼0·061) the number of Entodinium spp. cells present. Numbers of total protozoa cells and Entodinium spp. cells did not differ (P.0·05) within a treatment between the two sampling times. There was an interaction (P¼0·003) between treatment and time in the effects on vestibuliferid cells. There was no effect (P. 0·05) of treatment on numbers of cells belonging to the order Vestibuliferida immediately after addition of the treatments, but 4 h after addition there were less (P,0·05) vestibuliferid cells in the rumen fluid that received post-vaccination serum compared with rumen fluid that received PBS or pre-vaccination serum.
In Expt 2, total protozoa cell numbers and Entodinium spp. cell numbers were reduced (P,0·05) with the addition of pre-vaccination serum compared with PBS, and cell numbers were further reduced (P,0·05) when post-vaccination serum containing Entodinium antibodies was added ( Table 1) . Addition of post-vaccination serum increased (P¼0·034) numbers of vestibuliferid cells compared with pre-vaccination serum. Numbers of total protozoa cells and Entodinium spp. in the rumen fluid were greater (P,0·05) 4 h after addition of treatments compared with immediately after. Numbers of vestibuliferid cells did not differ (P.0·05) between sampling times.
For Expt 3, numbers of all three cell type groups were reduced (P, 0·05) when post-vaccination serum containing mixed rumen protozoa IgG was added compared with PBS and pre-vaccination serum ( Table 1) . Numbers of total protozoa cells and Entodinium spp. cells were higher (P, 0·05) 4 h after addition of treatments compared with immediately after. Numbers of vestibuliferids, on the other hand, were greater (P¼0·018) immediately after addition of treatment than compared with 4 h later.
In Expt 4, there was a 13·7 % decrease in total protozoa cell numbers when post-vaccination serum was added to the rumen fluid ( Table 1 ). The anti-vestibuliferida antibody titre levels measured during the incubation in rumen fluid that received the post-vaccination serum were 255 U directly after addition of serum to the rumen contents, 205 U after 2 h, 196 U after 4 h, 277 U after 6 h and 128 U at 8 h.
Discussion
Contrary to the hypothesis, sheep immunized with a vaccine containing fixed, rumen protozoal cells as antigens did not show a decrease in rumen protozoal numbers. The lack of change in rumen ammonia concentration and wool growth was consistent with this result.
Vaccination did elicit a humoral immune response as indicated by the plasma and saliva specific IgG titres observed in the sheep, and specific anti-protozoal IgG was also delivered to the rumen as indicated by the titres in the rumen fluid. In vitro studies also showed that the specific anti-protozoal IgG did bind to the cells it was raised against and, in the case of anti-Entodinium IgG, it was able to reduce Entodinium spp. cell numbers in rumen fluid immediately. Given that this was the case, and that Entodinium spp. make up such a large proportion of total protozoa cell numbers in the rumen, there are a number of possibilities that can be explored to explain the lack of positive response of the vaccine protocol used here to decrease numbers of rumen protozoa.
One possibility for the negative result observed here is that insufficient amounts of specific IgG were produced in the saliva and consequently delivered to the rumen to impact on the rumen protozoa. The rumen is not an immunologically active organ 19, 20 . Antibodies binding to antigenic structures would not be expected to activate the complement cascade in the rumen, so this mechanism of action is unavailable in this anatomical location. Therefore, we are relying entirely on antibody being delivered to the rumen via the saliva. In ruminants, the majority of salivary IgG is transferred into saliva from serum 19, 21, 22 , but saliva only contains around 1-2 % of the concentration of total Ig that are found in serum. IgG only comprises around 14 % of the Ig in ruminant saliva 23, 24 . The predominant Ig in ruminant saliva is IgA, which comprises 80 -90 % of the salivary Ig. The decision to focus on specific titres of IgG rather than IgA is due to previous studies showing that, after vaccination with rumen microbial antigens, specific IgG levels were higher in saliva and could be sustained compared with specific IgA levels 14 .
The relationship between plasma and salivary IgG observed in the present experiment and in others 14, 25 suggests that specific IgG titres in saliva will increase if plasma titres are increased.
The amount of specific IgG required to be delivered to the rumen for the vaccine to be effective is unknown. The in vitro investigation undertaken here to quantify binding indicated that 60 ml immune serum with a specific IgG titre of approximately 500 U was optimal for binding 1500 cells of Entodinium spp. or mixed rumen protozoa on a microtitre plate. This equated to one unit of antibody binding fifty cells. It is unlikely that this binding relationship will be the same in a rumen, but it can provide an indication of what might be happening. If this relationship did hold, then we would need 16 000 000 U antibody to bind to 2 £ 10 5 cells/ml in a rumen containing 4 litres rumen fluid. With saliva titres of only 50 U, we would need over 300 litres of saliva delivered to the rumen to provide enough antibodies for optimal binding (assuming a rumen volume of 4 litres with 2 £ 10 5 cells/ml). Sheep are unlikely to produce more than 10 litres saliva per d 26 so the current vaccine formulations need to be enhanced to produce greater immune responses.
Another aspect that is unknown is the quantitative relationship between binding and cell death. It is not known if optimal cell death rates occur at concentrations of antibody that were considered optimal for binding. The in vitro experiments can provide some indication of cell death rates in relation to antibody concentrations. When serum containing mixed rumen protozoa IgG antibodies was used, one unit of antibody resulted in a decrease of thirteen cells (0·5 ml serum with a titre of 26 162 U reduced cell numbers by 30 000 cells/ml in a 5·5 ml volume), which was approximately 25 % of the optimal binding rate on the microtitre plate. This perhaps indicates that optimal binding rates on a titre plate do not translate well to kill rates in rumen fluid. An in vivo experiment where antibodies are delivered directly to the rumen contents in large amounts by external means, rather than in the small amounts that are currently possible by natural saliva inflow, may provide some indications of the antibody units needed in the rumen to be effective at reducing protozoa numbers.
Previous vaccination protocols aimed at generating antibodies against rumen-dwelling micro-organisms have reported successful results 14,27 -29 . However, Gill et al. 27 suggested that the selection of an optimal adjuvant was important in generating a maximal antibody response. It could be that selection of an adjuvant that optimizes the production of salivary antibodies is required for efficient anti-protozoal vaccination. Along with the choice of adjuvant, it is also likely that a more targeted approach such as the isolation of specific proteins (e.g. Profilin) to use as antigens would increase immune responses compared with a crude mixture of antigens, as found in a whole cell preparation, due to competition between proteins 30 . Although rumen fluid is renowned for being highly proteolytic 31 , the presence of free IgG antibody, as measured by titres, in the rumen fluid for up to 8 h in in vitro Expt 4 showed that the antibodies survived and maintained binding function for at least 8 h ( Table 1 ). The decrease in titre level between 6 and 8 h may indicate that the IgG antibodies had started to degrade. The immediate decrease in titre level when antibodies were first added to the rumen fluid (44 % decrease after dilution is taken account of) indicates that antibody-antigen complexes formed rapidly in the in vitro experiments ( Table 1 ). The present results support the findings of Gnansampanthan 5 , who tested the resistance of Ig to proteolysis in rumen fluid in vitro and reported that very little cleavage of purified IgG molecules or their individual polypeptide chains was evident up to the first 4 h of incubation.
The lack of cross-reactivity between anti-T. corlissi IgG antibodies and vestibuliferid cells as determined by indirect fluorescence antibody test methods indicated that T. corlissi would be a good choice as a positive control vaccination. Therefore, we were surprised when serum containing anti-T. corlissi antibodies caused the death of Entodinium spp. and vestibuliferid cells in rumen contents in vitro, particularly that it is phylogenetically distantly related to the rumen protozoa 32 . It is possible that the indirect fluorescence antibody test methods were not sensitive enough to detect cross-reactivity and that cross-reactivity determinations are better served by ELISA assays 33 . Cell death was still at least half that of the Entodinium and mixed rumen protozoa preparations (Table 1) even though the specific titre of the serum containing anti-T. corlissi IgG antibodies were seven to fifty-six times greater than that of the specific titres of the serums containing rumen protozoa antibodies. In other words, the comparative flooding of the system may have led to a higher degree of indiscriminate binding. However, even though the positive control produced saliva titres five times higher than the rumen protozoa vaccines, this may not have been enough to reduce protozoa cell numbers if its effectiveness against rumen protozoa was low. So for our purposes, T. corlissi may have served well as a positive control under these conditions.
In closing, we have described a vaccination protocol that induces a serum antibody response against rumen protozoa in sheep, but fails to affect the numbers of protozoa in the rumen. In vitro studies showed that the antibodies do bind to and reduce protozoa numbers, but the amount of antibody generated by vaccination is not enough to produce results in an in vivo system. It is suggested that the vaccine could be improved if antigens of protozoa that need to be targeted to reduce their activity or cause cell death are determined and greater immune responses generated. The current study also highlights the need for improved understanding of the actions of rumen protozoa antibodies in rumen fluid and the relationships between levels of antibodies and numbers of ciliated protozoa in the rumen.
